Two distorted square-planar Rh I complexes (1 and 2) were obtained from [{RhCl(η 4 -cod)} 2 ] and the respective P,N ligands. The metal-ligand interaction was probed with density functional theory (DFT) and ab initio (CASSCF-NEVPT2) calculations. NMR spectroscopy proved dynamic binding behaviour of the ligands in solution. The tetradenticity of the ligands also affects the electrochemical behaviour of complexes 1 and 2 significantly. Finally, preliminary catalytic studies, namely the dehydrocoupling of dimethylamine-borane, are presented.
Introduction
In homogeneous catalysis, ligands, which combine soft and hard donor atoms, according to the HSAB principle, can act as hemilabile ligands and are, therefore, often superior to ligands with either hard or soft donor atoms.
1 Often encountered are combinations of phosphorus with nitrogen or oxygen donor atoms. 1b,c Alkyl and aryl groups have been predominantly used as substituents at phosphorus. In contrast, icosahedral carborane moieties have been rarely used as substituents in these ligands, despite their appealing properties.
2
Especially the 1,2-dicarba-closo-dodecaborane (ortho-carborane) displays some properties which make it very attractive for ligand design such as a flexible C cluster -C cluster bond, its electron-withdrawing effect, the possibility of the hydridic B-H hydrogen atoms to participate in metal bonding, and the possibility of converting the closo cluster into an anionic nido carborane. 2d-f Indeed, only eight different structural motifs which could be classified as potential hemilabile P,N or P,O ligands have been published (Fig. 1) . 3 Among those, only I and II have been employed in homogeneous catalysis so far. 3a,d Previously, we reported the tetradentate ligands VIIIa,b and their coordination chemistry with Cu I and Ag I . Both complexes showed a tetrahedral coordination environment. 3g We reasoned that the combination of VIIIa,b with transition metals which prefer square-planar coordination geometries, such as Rh I , might lead to complexes with interesting structural properties and reactivity.
Results and discussion
The reaction of VIIIa and VIIIb with [{RhCl(η 4 -cod)} 2 ] (cod = 1,5-cyclooctadiene) yielded the respective monomeric Rh I complexes 1 and 2. When the reaction is carried out in toluene, the complexes precipitate from the reaction mixture and are obtained in moderate to good yields (Scheme 1). Single crystals of 1 and 2 suitable for X-ray crystallography were obtained from THF/hexane (1) or toluene (2) at r.t. 1 crystallises in the Sohncke group P2 1 and 2 crystallises in the space group P1. In both complexes, the rhodium atom exhibits a distorted square-planar coordination geometry with VIIIa,b acting as tridentate P,P,N ligands (Fig. 2 ). Especially the P-Rh-N and P-Rh-Cl bond angles deviate significantly from linearity (e.g. 1: P1-Rh1-N1: 156.06(5)°, P2-Rh1-Cl1: 165.09(2)°, Fig. 2 ) leading to a geometry index τ 4 of 0.27 for 1 and 0.23 for 2. 4 In fact, these values indicate that 1 and 2 adopt the largest deviation from the ideal square-planar geometry among all Rh I complexes featuring two phosphorus donor atoms in a cis arrangement and one nitrogen and one chlorine atom (see the ESI † for references). In contrast to the bond angles, the Rh-P, Rh-N and Rh-Cl bond lengths in both complexes are within the range of standard values. 5 The phosphorus atoms trans to the chlorine atoms form significantly shorter Rh-P bonds than the phosphorus atoms cis to chlorine (e.g. 1: Rh1-P1: 2.2028(6), Rh1-P2: 2.1417(6), Fig. 2 ). This could be due to the trans effect or, as reasoned for a structu-
propyl]-( phenyl)phosphanyl}ethyl)pyridine, partly due to the steric repulsion between Cl1 and the tert-butyl group at P1. 5a We probed the metal-ligand interactions in 1 and 2 further by ab initio ligand field theory (AILFT as implemented in the ORCA program package) 6 calculations and energy decomposition analyses at the DFT level (see the ESI † for details). Despite their distorted structures, 1 and 2 exhibit d orbital splittings similar to an ideal square-planar complex (Fig. 3, left 657 cm −1 in 2). Additionally, our energy decomposition analyses revealed that the interaction energy of the ligand with the rhodium centre is higher by 2.7 kcal mol −1 in 1.
Due to their different nitrogen donor groups, the overall electronic structure of 1 and 2 is rather different as shown by our combined UV-vis spectroscopy and TDDFT investigations (see the ESI †). In diethyl ether, the visible part of the spectra (390 nm to 700 nm) is rather similar for both complexes, exhibiting one metal-to-ligand charge transfer (MLCT) band and several d-d transitions. Both spectra predominantly exhibit MLCT bands between 230 and 390 nm, however, their overall shape is significantly different. In particular, the nature of the MLCT bands in 1 and 2 highlights their different electronic structure: in 1, the MLCT bands largely consist of d-π* transitions from d orbitals on rhodium to antibonding orbitals of the aromatic systems, while in 2, d-σ* transitions from d orbitals on rhodium to P-C and P-S antibonding orbitals dominate. These findings are in accordance with our previous theoretical investigations on the ligands VIIIa,b which showed that the energetically lowest acceptor orbitals of VIIIa are located at the pyridine rings, whereas the acceptor orbitals of VIIIb reside at the phosphorus atoms. Having investigated the electronic structure of 1 and 2, we moved on to probe their behaviour in solution. Based on their temperature-dependent NMR spectra, both complexes undergo dynamic processes, which involve the phosphorus atoms and nitrogen donor groups. At low temperatures, the 31 P{ 1 H} NMR spectrum consists of two doublets of doublets (1 (−40°C):
Scheme 1 Synthesis of 1 and 2. 1 and 2 were obtained as a racemic mixture. For clarity, in this and all following figures and schemes only one enantiomer is shown. Fig. 2 Molecular structures of (R P , R P )-1 (left) and (S P , S P )-2 (right) in the solid state with ellipsoids drawn at the 50% probability level. All hydrogen atoms, except for those at the nitrogen atoms in 2, are omitted for clarity. ppm, 2 J PP = 40 Hz). Due to the higher P-Rh coupling constants, the multiplets at 158.8 and 195.7 ppm are tentatively assigned to P2, which forms a shorter P-Rh bond than P1 in both complexes (Fig. 2) . For 1, a broad singlet is observed at 154.4 ppm (ν FWHM = 530 Hz) at 60°C (see the ESI †); in contrast, the signals in the 31 P{ 1 H} NMR spectrum of 2 just broaden at higher temperature. Together with an analysis of the temperature-dependent 1 H NMR spectra of 1 and 2, this observation proves a higher activation barrier for the dynamic processes in 2 compared to 1. In order to get further insight, we calculated the mechanism of the dynamic process for both complexes at the DFT level (see the ESI † for details), which is depicted for 1 in Scheme 2. A similar mechanism was proposed for Pd II The mechanism involves the formation of a distorted square-pyramidal intermediate 1-qpym, in which VIIIa acts as a tetradentate ligand. 1-qpym isomerises to 1-qpym′ via a rocking vibration involving the chlorine atom. Finally, one nitrogen donor group in 1-qpym′ dissociates to form 1′. This process equilibrates both the phosphorus atoms and pyridyl groups in 1. A very similar mechanism was determined for complex 2 (see the ESI † for details). The first step (a, Scheme 2) is rate determining for both complexes. In agreement with our NMR spectroscopy experiments, the activation energy for the formation of the square-pyramidal complexes 1-qpym or 2-qpym, respectively, is considerably higher in the case of 2 (19.4 kcal mol −1 vs. 11.5 kcal mol −1 ). Our calculations show that the higher energy barrier in 2 can be traced back to steric effects and is caused by the structural rearrangements necessary to adopt the tetra-coordinating geometry of the ligand in 2-qpym (see the ESI †).
The tetra-coordination of the ligands in 1 and 2 also has a great influence on their electrochemistry. Both complexes undergo an irreversible reduction in the typical range of carborane derivatives (1 − /1: E peak(cathodic) = −1.88 V, 2 − /2: E peak(cathodic) = −1.95 V, vs. FcH/ [FcH] + ), 7 and our calculations confirm that the reduction of 1 and 2 occurs at the carborane Fig. 3 Left: Orbital scheme for the d orbitals in 1 and 2 (energies for 2 are given in brackets). Exemplarily, the d orbitals for 1 are shown with an isosurface value of 0.05. Right: UV-vis spectra of 1 (blue) and 2 (red) in diethyl ether.
Scheme 2 Calculated mechanism of the dynamic processes in 1. Energy differences are given in kcal mol
. Energy differences are given relative to 1 (or 2) in step (a), relative to 1-qpym (or 2-qpym) in step (b) and relative to 1-qpym' in step (c) . Values in parentheses correspond to the values calculated for the respective structures with the ligand VIIIb. Hydrogen atoms have been omitted for clarity.
backbone based on the spin densities of the monoanions 1 − and 2 − (Fig. 4) . The reduction is accompanied by a change to a square-pyramidal structure in 1 − , whereas the distorted square-planar structure is retained in 2 − (see the ESI † for details see the ESI † for details) and reveal that these oxidations take place at the rhodium centre (Fig. 4) . Both oxidation events in 1 and 2 are accompanied by a structural change to a distorted square-pyramidal structure, again underpinning the influence of the tetra-coordination of the ligands on the properties of 1 and 2.
Finally, we explored the use of 1 and 2 as homogeneous catalysts. As a model reaction, we investigated the dehydrocoupling of dimethylamine-borane (3) to give the diazadiboretidine derivative 4 and molecular hydrogen (Scheme 3) in toluene-d 8 . This reaction was initially conducted with [{RhCl(cod)} 2 ] as catalyst. 9 Since then, a variety of transition metal complexes, including zirconium, iridium and cobalt, was shown to efficiently catalyse this reaction. 10 Our results indicate that both 1 and 2 convert 3 completely and at a comparable rate like [{RhCl(cod)} 2 ] (Scheme 3, see the ESI † for details). However, they are much less selective, especially in the case of 1, producing a significant amount of the aminoborane HB(NMe 2 ) 2 and an unidentified side product. However, this side product decomposes slowly under the reaction conditions, whereas the desired cyclic product 4 is stable, leading to 4 as the only product detectable by 11 B NMR spectroscopy
(1: after 72 h; 2: after 48 h). Due to the formation of this side product, the yield of 4 is reduced compared to [{RhCl(cod)} 2 ]. The different performance of the catalysts 1 and 2 might be explained by the different nitrogen-donor groups present in both complexes. In 2, the aniline groups present a much stronger Lewis base than the pyridine groups in 1. Therefore, the aniline groups in 2 might interact more strongly with the Lewis-acidic substrate (dimethylamine-borane) leading to a more selective reaction. However, further kinetic and computational studies would be required for definite conclusions.
Conclusions
In summary, we have prepared and thoroughly characterised two distorted square-planar Rh I complexes with tetradentate, hemilabile carborane-substituted P,N ligands. The coordination mode of these ligands strongly influences the dynamic behaviour in solution as well as the redox properties of 1 and 2. Both complexes catalyse the dehydrocoupling reactions of amine-boranes, but are less active and selective than [{RhCl(cod)} 2 ]. However, due to their significantly distorted structure and hemilabile ligands, they could be more promising in other reactions. Respective investigations are currently underway in our group.
Experimental

Materials and methods
All reactions and manipulations were carried out under a nitrogen atmosphere by using standard Schlenk techniques unless stated otherwise. Solvents were either obtained from an MBraun Solvent Purification System, or dried and stored according to common procedures. temperature. All isolated compounds were measured in deuterated tetrahydrofuran with a Bruker TENSOR 27 IR spectrometer.
Crystallography
X-ray diffraction studies on 1 were performed with an Agilent Technologies SuperNova diffractometer using Cu-Kα radiation and ω-scan rotation. X-ray diffraction studies on 2 were performed with an Oxford Diffraction CCD Xcalibur-S diffractometer using Mo-Kα radiation and ω-scan rotation. Data were collected using ω steps accumulating area detector frames (data reduction was carried out with CrysAlis Pro). 13 All data were corrected for Lorentz polarisation and long-term intensity fluctuations. Absorption effects were corrected based on analytical corrections for 1 and on the basis of multiple equivalent reflections for 2. Structures were solved by direct methods and refined by full-matrix least-squares techniques against F 2 using the SHELX program package. 14 Hydrogen atoms were assigned riding isotropic displacement parameters and constrained to idealised geometries. Structure figures were generated with DIAMOND (Table 1) . 15 The crystal structures of 1 and 2 have been deposited in the CCDC (1: 1896568, 2: 1896567). †
Synthetic procedures
[{RhCl(cod)} 2 ] (46 mg, 0.09 mmol, 0.500 eq.) and the respective ligand (1: ligand VIIIa: 101 mg, 0.19 mmol, 1.06 eq.; 2: ligand VIIIb: 100 mg, 0.18 mmol, 1.00 eq.) were dissolved in toluene and stirred for 2 d. The resulting suspensions were filtered, and the residues were washed with toluene (2 × 2 mL) to afford 1 (64 mg, 50% yield) or 2 (90 mg, 72% yield) as orange solids. Single crystals of 1 suitable for X-ray diffraction studies were obtained by layering a saturated THF solution with n-hexane. In the case of 2, single crystals were obtained directly from the reaction mixture when stirring was discontinued after the reactants had dissolved. 
